Adenosine triphosphate (ATP) analogues labelled with two dyes suitable for undergoing Förster Reso nance Energy Transfer (FRET) have the potential to be valuable tools to continuously study the enzymatic activity of ATP consuming enzymes. Here, we present a synthesis strategy that allows obtaining these ATP analogues in a straight forward manner. Earlier studies indicate that modifying ATP at the O2' and the γ position is a very promising starting point for the design of these probes. We synthesized probes modified with five different combinations of dyes attached to these positions and investigated their fluorescence characteristics in the non cleaved state as well as after enzymatic hydrolysis. All presented probes largely change their fluorescence characteristics upon cleavage. They include ratiometric FRET probes as well as dark quenched analogues. For typical in vitro applications a combination of the sulfonated polymethine dyes Sulfo Cy3 and Sulfo Cy5 seems to be most promising due to their excellent solubility in aqueous buffer and a large change of fluorescence characteristics upon cleavage. For this combination of dyes we also synthesized analogues modified at the γ and the C2 or the O3' position, respectively, as these attachment sites are also well accepted by certain ATP consuming enzymes. These analogues show comparably large changes in fluorescence characteristics. Overall, we present new ATP based FRET probes that have the potential to enable monitoring the enzymatic activity of ATP consuming enzymes.
Introduction
Many enzymatic systems use ATP, for example to drive metabolic processes thermodynamically uphill, to couple chemical free energy to mechanical, electrical, or photoelectrical events or to transduce extracellular signals into intracellular processes.
1 Understanding these different enzymes and their way of regulation can largely help to understand and to modify various biological pathways. ATP consumption can be monitored using various assays in vitro. Monitoring the cleavage products of ATP can be performed using radioactive ATP analogues 2 or detecting the released phosphate or pyrophosphate using colorimetric detection. 3 Both methods require further processing of the enzymatic reaction prior to measurement and, therefore, do not allow continuous detection of ATP turnover from a single enzymatic reaction. Alternatively, an enzyme-coupled assay can be used to monitor ATP turnover. 4 In this assay, ADP produced during the enzymatic reaction can be converted to ATP by pyruvate kinase with the help of phosphoenolpyruvate (PEP). The pyruvate formed is reduced by NADH to form lactate and NAD, whose absorption is used to determine the amount of ATP consumed. Enzyme-coupled assays can be monitored continuously, but have the disadvantage that effects on the additional enzymes used have to be considered when studying effectors of ATP consuming enzymes. We have recently described an assay to directly monitor ATP cleavage by the ubiquitin activating enzyme UBA1 in the process of ubiquitin activation. 5 For this assay, a fluorescence donor and a fluorescence acceptor that are suitable for undergoing Förster Resonance Energy Transfer (FRET) are attached to the same ATP analogue (Fig. 1) . Upon cleavage by the enzyme of interest the two fluorophores are separated, resulting in a large change in fluorescence characteristics. This change can be easily detected using fluorescence spectroscopy. The assay enabled us to directly study various effects on the ubiquitin activation by UBA1 in real-time without the use of additional enzymes or reagents that may also be affected. UBA1 belongs to the rather small family of ubiquitin-like protein activating enzymes 6 and thus, it would be of great enzymes. Modification at the N6-position of ATP as used to study UBA1 is not accepted by many of these enzymes. 7, 8 In contrast, analogues modified at the O2′-position of the ribose have been shown to be widely accepted by ATP consuming enzymes. 8, 9 Furthermore, modification at the O3′-and the C2-position is beneficial in certain cases. 8 However, their photophysical properties are elusive.
In this work, we present the synthesis of several new doubly labelled ATP analogues as activity probes for nucleotide dependent enzymatic reactions. The modifications were appended to positions O2′, O3′, and C2, respectively, and the γ-phosphate of the phosphate chain of ATP. For the latter attachment, we synthesized phosphate esters as they were reported to be stable under the employed conditions, thus avoiding non-enzymatic hydrolysis of the probes. 10 To obtain these molecules, we elaborated on a versatile synthesis strategy that enabled us to synthesize various probes in a straight-forward manner. Thereby we focused on polymethine dyes 11 as they have been shown to be very well suited for FRET applications at short donor acceptor distances as used here. 12 To test fluorescence characteristics of the dye combinations in the context of doubly labelled ATP analogues, we utilized the phosphodiesterase I from C. adamanteus (Snake Venom Phosphodiesterase, SVPD), which is known to cleave the α/β anhydride bond of many different nucleotides, as a model enzyme and recorded the fluorescence spectra after treatment with or without SVPD. 5, 13 These investigations revealed several ATP analogues that undergo significant changes of the fluorescence characteristics upon cleavage.
Results and discussion

Synthesis of doubly modified ATP analogues
First, we optimized the synthesis of doubly dye labelled ATP analogues. To be able to obtain different ATP analogues in a straight-forward manner, we constructed the doubly modified ATP scaffold with two orthogonally protected amines and introduced the dyes at the end of the synthesis sequence. In this way several doubly labelled ATP analogues can be obtained from one common scaffold. We thereby considered that the second amine has to be liberated in the presence of the first dye. Therefore, this deprotection reaction should be as mild as possible. We decided to use a trifluoroacetamide and an azide as amine precursors. First, the trifluoroacetamide can be deprotected under alkaline conditions and coupled with the first label. This leaves the azide completely unaffected. Finally, the azide can be reduced to the amine by the Staudinger reaction 14 using very mild conditions 15 and subsequently coupled to the second label.
To obtain the ATP scaffold modified at the O2′-and the γ-position, we started with known triphosphate 1.
8 This molecule was transformed into its tetrabutylammonium salt, which can be used for alkylation with 6-azido-1-bromohexane at the γ-phosphate using an established method. 10 Deprotection of the trifluoroacetamide was carried out using ammonia in water and the reaction mixture was purified using anionexchange chromatography and RP-HPLC. Anion-exchange chromatography was carried out as triphosphates that are not modified at the phosphate chain, like compound 1, tend to partially react to the corresponding di-and monophosphates in organic solvents as used for the alkylation reaction. These differently phosphorylated species are separated by anionexchange, which failed solely by RP-HPLC. This procedure resulted in 25% yield of ATP analogue 2, which already bears the first free amine ready for conjugation. ATP analogue 2, similar to all further ATP analogues, was obtained as its triethylammonium salt, which is soluble in water as well as in polar organic solvents and can be used for all further conversions.
To extend the scope of building blocks, we also synthesized the ATP analogue having the interchanged protecting group pattern, i.e. the azide at the O2′-position and the trifluoroacetamide at the γ-position (Scheme 1B). Therefore, we started with known O2′-(6-azidohexyl)-adenosine 8 and performed the triphosphate synthesis using a standard one-pot procedure. Purification by anion-exchange chromatography and RP-HPLC gave triphosphate 3 in a yield of 39%. After transformation to its tetrabutylammonium salt, compound 3 was alkylated at the γ-phosphate using 1-iodo-6-trifluoroacetamido-hexane. Subsequently, the trifluoroacetamide group was cleaved and the reaction mixture purified using anion-exchange chromatography and RP-HPLC to give compound 4 in 25% yield over the last two steps. In this way, two doubly modified ATP analogues were obtained that are ready for the subsequent conjugation.
Synthesis of doubly labelled ATP analogues
Next, we set out to label the doubly modified ATP analogues with different combinations of dyes. Starting with compound 2 we performed the coupling with the Sulfo-Cy5 N-hydroxysuccinimide (NHS) ester in a mixture of DMF and sodium carbonate buffer at pH 8.9 to yield compound 5 in 70% (Scheme 2A). Compound 5 and all further reactions were purified by RP-HPLC. Next, we performed the Staudinger reaction of the azide using TCEP in water, methanol and triethylamine at room temperature to provide compound 6 in 68% yield. This was followed by conjugation of the Sulfo-Cy3 NHS ester in 64% yield resulting in the final doubly labelled ATP analogue 7a. This corresponds to an overall yield of 30% over the last three steps. The same target molecule was also obtained starting from nucleotide 4 using an analogous synthesis scheme with reversed order of the conjugation of the two labels in a yield of 28% over the final three steps (Scheme 2B). Both methods of synthesis seem to be equally well suited to obtain the doubly labelled analogue. Using this synthesis protocol we were able to attach four further combinations of dyes starting from compound 4. In this way we obtained a set of five different doubly labelled ATP analogues.
Fluorescence characteristics of ATP analogues
Having these compounds in hand we started to investigate their fluorescence characteristics. The ATP analogues were incubated with SVPD at 30°C until complete cleavage was observed. Completion of the cleavage was monitored by analytical RP-HPLC ( Fig. 2A-2C , ESI results, ESI Fig. S1 -S7 †). After incubation in the absence of SVPD only one compound, absorbing at the absorbance maximum of the donor, as well as at that of the acceptor, was observed in the RP-HPLC trace (Fig. 2B) . In contrast, after cleavage with SVPD two new peaks, absorbing only at the absorption maximum of the donor or the acceptor, respectively, were observed (Fig. 2C) .
We tested three combinations of fluorescent donors with fluorescent acceptors. These FRET probes have the advantage that fluorescence intensity can change at two wavelengths. In this way, analysis of the ratio of the two fluorescence intensities allows monitoring cleavage independent of variations in probe concentration. All samples were adjusted to 1 μM with 1× PBS and fluorescence spectra were recorded (Fig. 2D-2H) .
First, we investigated the combination of Sulfo-Cy3 and Sulfo-Cy5 present in probe 7a (Fig. 2D, ESI Fig. S1 †) . In this case upon cleavage a large increase of Sulfo-Cy3 emission was detected, accompanied by a strong decrease in Sulfo-Cy5 fluorescence. The ratio of the two fluorescence intensities changes by a factor of approx. 140. This large change of fluorescence could be used for the very robust detection of ATP cleavage making this ATP analogue a very well suited ratiometric FRET probe.
Next, we turned to the combination of Sulfo-Cy5 and SulfoCy7 ( probe 7b). These dyes have the advantage of fluorescence at even longer wavelengths. An approx. 37-fold rise in fluorescence was detected for Sulfo-Cy5 upon cleavage (Fig. 2E, ESI  Fig. S2 †) . In contrast, almost no acceptor fluorescence of SulfoCy7 fluorescence was detected in both states. This is probably due to the low fluorescence quantum yield of Sulfo-Cy7 11 and due to additional quenching effects in the non-cleaved probe. In this way, this analogue does not represent a useful ratiometric FRET probe. Finally, we also investigated the combination of the nonsulfonated alternatives Cy3 and Cy5 in ATP analogue 7c (Fig. 2F, ESI Fig. S3 †) . These less polar dyes could be advantageous over their sulfonated analogues for cellular studies as they have the potential for passive cellular uptake. 16 For the cleavage of this probe lower concentrations has to be used to avoid precipitation in the presence of magnesium ions. Using these conditions >98% cleavage of the probe was obtained. Also in this case an increase of Cy3 emission and a decrease of Cy5 emission were detected. The ratio of fluorescence intensities changes 70-fold. This probe is therefore also very promising for monitoring ATP consuming enzymes and could have advantages over probe 7a concerning cellular uptake. Nevertheless, as regards in vitro applications probe 7a has the advantage of higher solubility in aqueous buffer. Additionally, we also investigated two ATP analogues having non-fluorescent acceptor dyes. These probes, although not ratiometric, could be well suited to study ATP cleavage as fluorescence turn-on probes. We chose to use the two fluorescence donors, Sulfo-Cy3 and Cy3, and combined these dyes with the Eclipse quencher 17 that has well matching absorption characteristics for these two donors. ATP analogue 7d containing a combination of Sulfo-Cy3 and Eclipse quencher is soluble in water. Upon hydrolysis, the fluorescence intensity of Sulfo-Cy3 rises by a factor of 66 (Fig. 2G, ESI Fig. S4 †) . This makes this probe a very valuable tool to study ATP cleavage. For the combination of Cy3 and the Eclipse quencher ( probe 7e) large solubility problems in aqueous media containing magnesium were detected. At low concentrations and in the presence of 10% DMSO enzymatic hydrolysis of the probe by SVPD was performed yielding >95% cleavage. Fluorescence spectra were obtained showing an approx. 90-fold increase of fluorescence intensity (Fig. 2H, ESI Fig. S5 †) . Nevertheless, due to the low solubility in aqueous buffer this probe is not well suited to study ATP consuming enzymes.
In summary, we present five different doubly labelled ATP analogues modified at the O2′-position and at the γ-phosphate that all show high changes of fluorescence characteristics upon hydrolysis. ATP analogues with two of these combinations of fluorescent dyes, namely Sulfo-Cy3 and Sulfo-Cy5 (7a) as well as Cy3 and Cy5 (7c) can be efficiently used as ratiometric FRET probes for ATP hydrolysis. Furthermore, the probe containing a combination of Sulfo-Cy3 with the fluorescence quencher Eclipse (7d) yields a dark-quenched FRET probe with very promising properties. 7d is almost nonfluorescent in the non-cleaved state and allows monitoring of ATP cleavage by a rise of fluorescence. Due to the high change of the ratio of fluorescence intensity and the very good solubility in water the combination of Sulfo-Cy3 and Sulfo-Cy5 can be considered best for typical in vitro applications. Nevertheless, probes like 7c and 7d may be advantageous for certain applications.
Alternative attachment of the dyes
To extend the scope of doubly labelled ATP analogues we also investigated alternative attachment sites to ATP. Here, we chose to use modifications at the O3′-and the C2-position as they are also well accepted by certain ATP consuming enzymes. 8 For this purpose, we decided to use the best combination of dyes leading to a ratiometric probe in the case of O2′-modification, namely the dyes Sulfo-Cy3 and Sulfo-Cy5. We started synthesizing the probe modified at the C2-position and the γ-phosphate (Scheme 3A). Starting from known C2-(5-trifluoroacetamidopentynyl)-adenosine triphosphate 8 we introduced the modification of the triphosphate at the γ-position by treatment with 1-bromo-6-azido-hexane as described above to provide the doubly modified triphosphate. Subsequently, the trifluoroacetamide protection group was cleaved by ammonolysis with ammonia in water to generate the free amine in compound 10 in 37% yield over two steps. The dye Sulfo-Cy5 was coupled using the method described above with a yield of 58%. Next, the azide was reduced using TCEP generating the amine group of compound 12 in 66% yield. Finally, Sulfo-Cy3 was introduced in an analogous fashion as before in 87% yield resulting in probe 13 doubly labelled at the C2-and the γ-position. Next, we turned to the synthesis of the O3′-and γ-labelled ATP analogue 17 (Scheme 3B). We started with the known O3′-(6-trifluoroacetamidohexyl)-adenosine triphosphate. 8 Modification at the γ-phosphate using 1-bromo-6-azidohexane, followed by deprotection using aqueous ammonia gave doubly modified triphosphate 14 in 18% yield. Sulfo-Cy5 was coupled to this molecule using its NHS ester to give triphosphate 15 in a yield of 72%. The azide of compound 15 was reduced using TCEP to give 80% of compound 16 bearing the free amine. Coupling of the Sulfo-Cy3 NHS ester gave the O3′ and γ-labelled probe 17 in 61% yield.
We also studied these analogues in the SVPD assay as described above (Fig. 3) . Both combinations of attachment sites used in this case resulted in high changes of the ratio of fluorescence intensities that albeit differed with a 77-fold change upon cleavage for compound 13 (Fig. 3A, ESI Fig. S6 †) and an approx. 120-fold change observed for compound 17 (Fig. 3B, ESI Fig. S7 †) . These changes are in the same range as seen for the analogous O2′-modified derivative. These analogues broaden the repertoire of doubly labelled ATP analogues that can be used to study ATP cleavage. This also demonstrates the general applicability of the combination of Sulfo-Cy3 and Sulfo-Cy5 for probes of this type of molecules.
Conclusion
In conclusion, we present the synthesis of seven different new doubly dye labelled ATP analogues. In the synthesis strategy, we utilize a trifluoroacetamide and an azide as amine precursors to build up the doubly modified ATP scaffolds. The trifluoroacetamide was easily deprotected to the free amine using alkaline conditions without affecting the azide. After coupling of the first dye using NHS ester chemistry, the azide was converted to an amine without affecting the dyes exploiting the mild conditions of the Staudinger reaction. Finally, the second dye was attached using NHS ester chemistry resulting in five different doubly labelled ATP analogues modified at the O2′-and the γ-position. Thus, this synthesis strategy turned out to be a highly flexible approach towards customized, doubly labelled nucleotides that can be used to visualize their cleavage.
We further investigated the fluorescent characteristics of these probes using SVPD as a model enzyme. We tested different combinations of dyes that may be used to construct FRET cassettes. We found two combinations of two fluorescent dyes, Sulfo-Cy3 and Sulfo-Cy5 as well as Cy3 and Cy5, that can be used to construct ratiometric FRET sensors for ATP cleavage with changes of fluorescence ratios of up to 140-fold. Furthermore, using Sulfo-Cy3 and the Eclipse quencher we were able to construct a dark quenched ATP analogue, whose fluorescence rises 66-fold upon cleavage.
To expand the scope of doubly labelled ATP analogues we also synthesized ATP analogues modified at the C2-and the O3′-position as well as the γ-phosphate. Both analogues containing the combination of Sulfo-Cy3 and Sulfo-Cy5 were synthesized in a straight-forward manner using the established synthesis protocols. Comparable changes in fluorescence characteristics upon cleavage as seen for the O2′-modified analogue were observed for both analogues. This shows that these probes can also efficiently be used to monitor ATP cleavage. Furthermore, it demonstrates that the combination of Sulfo- Fig. 3 Fluorescence spectra of ATP analogues doubly labelled at the γ phos phate and the C2 (13) or O3' position (17) , respectively, after incubation without (black) or with (red) the phosphodiesterase I of C. adamanteus measured at a concentration of 1 μM in 1× PBS with excitation at 510 nm. Cy3 and Sulfo-Cy5 is generally applicable for this kind of probes.
The presented FRET based activity probes clearly demonstrate the high potential of this concept to monitor ATP consuming enzymes by the vast changes of the easily detectable fluorescence signal.
Experimental section
SVPD assay
The corresponding doubly dye labelled ATP analogue (100 μM) was processed with or without SVPD (2 μg ml −1 ) in a buffer containing 100 mM NaCl, 50 mM Tris-HCl ( pH 7.9), 10 mM MgCl 2 and 1 mM DTT in a total volume of 60 μl for 30 min at 30°C. In the cases of the least polar analogues 7c and 7e these conditions did not result in complete cleavage as precipitation of the probes occurred. Therefore, probe 7c (10 μM) was treated with 16 μg ml −1 SVPD in a buffer containing 50 mM NaCl, 25 mM Tris-HCl ( pH 7.9), 5 mM MgCl 2 and 500 μM DTT in a total volume of 600 μl for 30 min at 30°C. Probe 7e (10 μM) was treated for 2 h at 30°C using the same conditions as for 7c with the exception that 10% DMSO were used in the buffer. All reactions were quenched by the addition of 60 μl 0.1 M EDTA.
Fluorescence measurements
For fluorescence measurements the SVPD reactions were diluted to a final concentration of the probe of 1 μM with 1× PBS buffer and the fluorescence spectra of the crude reaction solutions were measured. Excitation of Sulfo-Cy3 and Cy3 was performed using a wavelength of 510 nm. Sulfo-Cy5 was excited at 610 nm. Fluorescence intensities were determined by integration of the fluorescence spectra from 540 nm to 620 nm (640 nm to 720 nm for 7b) for donor fluorescence intensity and from 640 nm to 720 nm for acceptor fluorescence intensity (7a, 7c, 13 and 17) . For quenched ATP analogues (7b, 7d, and 7e) the change of fluorescence intensity was calculated as the quotient of the donor fluorescence intensity in the cleaved and in the non-cleaved states. For ratiometric FRET probes (7a, 7c, 13 and 17) the ratio of fluorescence intensities was calculated as the quotient of the donor and the acceptor fluorescence intensities. Change of the ratio of fluorescence intensities was calculated as the quotient of the ratio of fluorescence intensities in the cleaved and in the non-cleaved states.
RP-HPLC and ESI-MS analysis
For HPLC analyses the SVPD reactions were separated by analytical RP-HPLC (a linear gradient of acetonitrile in 50 mM aqueous triethylammonium acetate (TEAA buffer, pH 7.0) was used). Fractions containing the ATP analogues or their fragments were collected and further characterized by ESI-MS.
